Abstract. Time to first fix (TTFF) is one of the crucial indicators to evaluate the performance of a GPS receiver. In this paper, an orbit prediction algorithm to reduce the TTFF of GPS receivers without a network connection is presented. Satellite orbit is predicted by numerically integrating the satellite's equation of motion. Satellite's initial position and velocity value, as well as the Earth's polar motion parameters, used in prediction correspond to the locally collected previous broadcast ephemeris. As the solar radiation pressure (SRP) is one of the most critical factors causing orbit prediction error, an empirical SRP model with two parameters that change with the movement of satellite and Earth is also described. The presented algorithm is verified by GPS satellites using the initial conditions divided from three groups of broadcast ephemeris data. Simulation results show that, with the SRP model described in this paper the satellite's position error limited to 30 meters within 7 days prediction.
Introduction
Start navigation immediately is expected for people once their GPS receivers are turned on. However, it typically needs about 30 seconds for the receiver to provide the first position information even in an ideal receiving environment, during to the three first sub-frames which contain ephemeris data takes 18 seconds to transmit and the satellite sends it once every 30 seconds. If the signal is blocked by trees or buildings during the ephemeris collection and the TTFF can even take up to several minutes, which is unacceptable especially in an emergency or a special situation [1, 2] .
Due to the time needed for the reception of the ephemeris data is the main reason for long TTFF, one method to reduce it is to provide satellite position information by orbit prediction. One technique of satellite orbit prediction that runs entirely on the receiver without any external assistance has been implemented in commercial products [3] . Reference [4] and [5] present a fully detailed description of an autonomous satellite orbit prediction method which only needs a few locally collected previous broadcast ephemeris data as a starting condition. This paper aims to develop a related method and make its efficiency and precision are competitive when compared to others.
In this paper, a practical orbit prediction algorithm to reduce the TTFF of a GPS receiver is presented. As the SRP is one of the most critical factors causing orbit prediction error, an enhanced sphere model that used for calculating SRP is adopted to improve the accuracy of orbit prediction. Also, to minimize the computational burden of GPS receiver, a gravity acceleration approximation function (GAAF) to calculate the Earth's gravitational acceleration is utilized to substitute the traditional spherical harmonic representation of the gravity field [6] . Simulation results show that the orbit prediction algorithm proposed in this paper can provide a trusted satellite position and significantly reduce the TTFF of a GPS receiver.
Force models
A Large number of different forces in the equation of motion will lead to a computationally heavier algorithm, which is not desired in a conventional GPS receiver. Therefore, only the four forces (including the Earth's gravitation, solar gravitation, lunar gravitation, and solar radiation pressure) that primarily affect the GPS satellite are taken into account. 
Earth's gravitation
For the Earth gravity, we utilized the GAAF method to compute the gravitational acceleration replacing the traditional spherical harmonic representation of the gravity field. The GAFF introduced an equation to represent gravity accelerations in terms of instant twobody acceleration for an instant pseudo-center for the earth. Pseudo-center location is represented by polynomials which as a function of height at fixed latitude and longitude. Pseudo-center at any point of interest can be calculated by classical six-point bivariate interpolation in latitude and longitude at a fixed height. Thus the calculation of gravitational acceleration is simplified to calculate the two-body acceleration. GAAF can significantly improve the computational efficiency in orbit prediction, more details about it can be found in [7] . In this work, we used the Earth gravitational model 2008 (EGM2008) geopotential up to degree and order 70 to generate the polynomial coefficient of pseudo-center calculation [8] .
Solar and lunar's gravitation
Consider the Moon and the Sun as point masses. The acceleration due to a celestial body's gravitation is expressed as
where G is the gravitational constant, Cb M and Cb r is the mass and position of the celestial body, Sat r is the position of the satellite.
Solar radiation pressure
The traditional sphere model of the SRP can be expressed as
where the factor  is the shadow function based on the conical shadow model described in [9] . Vector s r points from the satellite to the Sun and D e is a unit vector from the satellite to the Sun.  is the reflectivity coefficient of
where AU is the astronomical unit, Sun P is the solar radiation pressure at the distance of 1 AU from the Sun, A is the surface area of the satellite and m is the satellite's mass. The simple sphere model described in (3) is widely used for calculating the SRP. However, it's accuracy need to be improved to meet the application with high precision requirements.
Taking the y-bias acceleration into consideration and then the SRP model we used in this paper can be written as 
where  is the angle of the Sun-satellite-Earth, ag is the polynomial coefficients.
3 Procedures for orbit prediction
Estimation of SRP model parameters
Large amounts of data and computation power are needed in the estimation of the SRP parameters. Thus we have to estimate the SRP parameters offline on a server. The parameters 1  and 2  in (5) are satellite-specific that need to be estimated separately for each satellite. Precise ephemeris from GPS weeks 1895-1925 is used as measurement data for this estimation [11] . For one satellite, a time series of parameter estimates are obtained by taking separate consecutive 1-hour arcs and estimating the parameters for each arc using an iterative leastsquares minimization algorithm or the Extended Kalman Filter. For each arc the output of the estimator is taken as the estimated value. Then use (7) to fit the polynomial coefficients to all estimated values. By doing this processing for each satellite, the polynomial coefficients for calculating the SRP for all satellites are obtained.
In the estimation of SRP model parameters, the initial position and velocity of the satellite are taken from precise ephemeris, and the Earth Orientation Parameters (EOP) needed in coordinate system transformation are obtained from the homepage of International Earth Rotation and Reference Systems Service（IERS） [12] .  with  angle for GPS PRN2.
Initialization
For orbit prediction, the forces model and the initial position and velocity significantly affect the prediction accuracy. Models and algorithms for calculating the forces have been discussed in the previous sections. The initial position and velocity of satellite play a key role in orbit prediction. However, the position and velocity of satellite calculated by broadcast ephemeris are more inaccurate, and it cannot be used as an initial state directly. For this reason, the least squares algorithm is used to get an estimation of the initial state. In addition, the EOP used to calculate the matrix of coordinate system transformation in orbit prediction is unknown. So it has to be estimated together with the initial state from the broadcast ephemeris.
To minimize the number of parameters to be estimated, and improve the accuracy of the least squares solution, we only make a simple correction by antenna offsets for the initial position calculated by broadcast ephemeris. Furthermore, the time difference between Universal Time UT1 and Coordinated Universal Time is always set to zero. Thus only the initial velocity of satellite and polar motion parameters need to be estimated.
In this paper, we solve the unknown polar motion parameters and the initial velocity by fitting our model to multiple positions calculated by broadcast ephemeris. The variation of polar motion parameters in a few days orbit prediction is ignored.
For one satellite, the vector of unknowns is t ,…, m t which can be described by equation
Vectors k  are the differences between the measured position at instant k t and the position that was predicted using the function defined by equation
where f is the function that predicts satellite states by integrating satellite's equation of motion and carrying out the required transformations between the Earth-fixed, Earth-centered reference frame and the inertial reference frame. Then we need to solve the nonlinear least squares fitting problem arg min ( ) ( )
Orbit prediction
After getting the estimated initial state and the earth orientation parameters, satellite position and velocity at any time can be calculated by integrating numerically. Various numerical integration methods have been used to solve the satellite's equation of motion. In this paper, the 8 th order Runge-Kutta and 12 th order Adams-Cowell methods are adopted to solve the satellite's equation of motion [13] , because they are generally regarded as one of the most effective methods in satellite orbit prediction. These predicted orbit values can be used directly or fitted to broadcast ephemeris provided to the receiver.
Simulation result
The position errors for 7 days orbit prediction for GPS PRN 1 are shown in Fig. 3 . The red line is the result with the SRP model which parameters varying with  angle as described in (7) . And the black line is the result of same orbit prediction, but using the constant parameter SRP model introduced in [5] . The initial points of prediction are calculated by each broadcast from 08:00:00 to 12:00:00 (GPS time) on 13 Jan 2017. The orbit information of initial points are improved by an least squares algorithm, then predict for 7 days with our propagator, and finally compare the predicted orbit with the precise orbit product to obtain the orbit prediction error. Fig. 3 shows that with the SRP parameters varying as  angle change, orbit prediction result became better than using constant SRP parameters, and the peak values of error are smaller. The orbit prediction results show in Fig. 3 are summarized in Table 1 . 
Conclusion
The TTFF of receivers can be significantly reduced if the satellite's position and velocity information can be obtained by some alternative ways instead of reading the navigation message send by the satellite. This paper presents an orbit prediction algorithm which can run on receivers whose network connections are nonexistent. Satellite orbit can be predicted by numerically integrating the satellite's equation of motion. In this work, only the four forces (including the Earth's gravitation, solar gravitation, lunar gravitation, and solar radiation pressure) that primarily affect the GPS satellite are taken into account. Satellite's initial position and velocity value, as well as the Earth's polar motion parameters, used in prediction correspond to the locally collected previous broadcast ephemeris. In this paper, an empirical SRP model with two parameters that change with the movement of satellite and Earth is presented to improve the accuracy of the orbit prediction. The procedure of estimating the SRP parameters, and its curve fitting were described in detail.
The orbit prediction algorithm is verified by GPS satellites using the initial position and velocity as well as polar motion parameters divided from three groups of the broadcast ephemeris data. As an example, the results of orbit prediction for GPS PRN1 with the SRP model described in this paper were show. From it we can see that the satellite's position error limited to 30 meters within 7 days prediction. What's more, with the SRP parameters varying with  angle, orbit prediction result became better than using constant SRP parameters, and the peak values of error are smaller. 
